In Situ Mapping of Membranolytic Peptide-Membrane Interactions by Coupled Attenuated Total Reflection Fourier-Transform Infrared Spectroscopy-Atomic Force Microscopy (ATR-FTIR-AFM)  by Edwards, Michelle A. et al.
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spFRET experiment can be obtained in a single measurement.
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Single-Molecule Counting with Palm
Malte Renz, Jennifer Lippincott-Schwartz.
NIH, Bethesda, MD, USA.
Photoactivated Localization Microscopy (PALM) is a single-molecule based
imaging technique. By repeated activation and sampling of sparse subsets,
densely expressed fluorescent proteins can be resolved in time. Here, we de-
scribe how to exploit this property for single-molecule counting in cells. A
strategy is developed for differentially activating and optimized imaging of
PA-GFP and PA-Cherry. Coupled PA-FPs are used as calibration probes for
standardization of single-molecule counting and determination of photoactiva-
tion efficiency. With these tools, we demonstrate how single-molecule counting
enables to assess stoichiometries and to relate such counts to absolute molecule
numbers in a biological specimen.
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In recent years advancement in light microscopy have made possible to break
the resolution limit and to achieve super- resolution positional accuracy. How-
ever, these techniques are limited in their temporal resolution to tens of milli-
second, and thus cannot access the faster dynamics relevant for most biological
processes. Here we present a versatile technique which allows to track a mole-
cule with nanometer spatial and microsecond temporal accuracy. The method is
based on partially overlapping excitation of two spectrally separated fluoro-
phores. A wedge is introduced in the setup so the fluorescent signals from
the two emitting species are recorded independently onto different area of
the CCD. In this way we record the position of a single molecule with nanome-
ter accuracy at two different points in time. A cross-correlation algorithm is
subsequently applied and information on the mean square displacement of
the molecule is retrieved. The temporal accuracy is ultimately limited by the
diffusion coefficient of the molecule under study, and the accuracy by which
the position can be determined. This method was proved using short DNA ol-
igonucleotides and here applied to live cells. We followed the diffusion of GPI
anchor protein dually labeled with a refolded split GPF and an Alexa 647 dye
attached to the complementary peptide. This approach guarantees the 1:1 sto-
chiometry needed and we were able to track GPI down to microseconds time-
resolution, gathering information on the diffusion properties of the anchor in
the membrane.
Our results did not exhibit hop-diffusion behavior at short time-scale as previ-
ously predicted.
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TIRF-based photoactivated localization microscopy (PALM) offers a power-
ful tool to interrogate the spatial distribution of proteins in the plasma mem-
brane (PM) at scales inaccessible by conventional light microscopy. We
employed PALM to map out the nanoscopic organization of PM and con-
struct a mechanistic perspective of PM organization. Cluster analysis of
PALM data is complicated by the multiple appearances of a single protein
with associated stochastic uncertainty in position, and reversible blinking
of individual fluorophores. We developed a statistical algorithm to rigorously
analyze PALM-data by performing spatial pair auto- and cross-correlation on
the entire ensemble of detected molecular peaks, and subsequently separating
out the contribution resulting from multiple appearances of the same mole-
cule from that arising due to the actual lateral organization of the protein
molecules. Using this approach, we could describe protein organization in
an accurate and quantitative way, and extract reliable physical parameters
like cluster-radius and number of molecules in a cluster. We examined the
distribution of a diverse set of PM-proteins carefully chosen based on their
different membrane-anchors and differential partitioning in phase-separated
PM vesicles. Correlation analysis of PALM data revealed distinct steady state
organization of these proteins: Transferrin Receptor-PAGFP and VSVG-
PAGFP were organized into discrete clusters of ~150nm and 70nm radius,
respectively. PAGFP-GL-GPI, Lyn-PAGFP and Lat-PAGFP, in contrast, ex-
hibited random distribution. Interestingly, cross-correlation of 2-color PALMimages showed dramatic reorganization of actin into ring-like structures
around antibody-crosslinked PAGFP-GPI clusters (~100-200nm); similar
actin-structures can modulate protein-platforms during cell-signaling. The
combination of PALM and correlation analysis provides a robust and quan-
titative approach to study PM reorganization during various physiological
processes.
Platform AK: Membrane Active Peptides
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A current hypothesis for the pathology of Alzheimer’s disease (AD) proposes
that amyloid-beta (Ab) peptides induce uncontrolled, neurotoxic ion flux across
cellular membranes. The resulting inability of neurons to regulate their intracel-
lular concentration of ions, in particular calcium ions, has been associated with
cell death and may thus contribute to cognitive impairment typical for AD. The
mechanism of the ion flux is not fully understood since no experimentally based
Ab channel structures at atomic resolution are currently available, and few
polymorphisms have been predicted by computational models. Structural
models and experimental evidence suggest that Ab channel is an assembly of
loosely-associated mobile b-sheet subunits. Histidines were proven to be on
or near the mouth of the Ab pore, but no other amino acids have been tested.
Using planar lipid bilayers, we present a study showing that amino acidic sub-
stitutions can be used to infer which residues line the pore and are water acces-
sible. For example, the substitution of F19P is capable of undermining the
amyloid structure such that bilayer membranes exposed to it do not support
ion channel formations for prolonged periods of time. This and other structural
information on or in membrane are needed to aid drug design aiming to control
unregulated Ab ion fluxes.
Funded by extramural program NIH-NIA (RL), NCI Contract
HHSN261200800001E (RN) and DOD, NSF and ARCS (LSC).
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Islet amyloid polypeptide (IAPP) is the primary amyloid component found in
patients suffering from type II diabetes. IAPP has been implicated in the death
of pancreatic beta-cells, resulting in a greater strain on the remaining insulin
producing cells and contributing to further progression of the disease. While fi-
bers are the most obvious characteristic of any amyloid disease, it has been
found that smaller soluble oligomers are the most likely source of cytotoxicity.
Previous research has shown that IAPP oligomers are capable of permeabiliz-
ing lipid bilayers under physiological conditions. Permeabilization of cellular
membranes resulting in ionic imbalance and subsequent apoptosis is a leading
theory for the cause of beta-cell death in type II diabetes. In order to better un-
derstand the mechanism by which IAPP causes cell death we have examined
the evolution of membrane-bound leakage states over time. Using a combina-
tion of bulk and single molecule techniques we have uncovered a multi-phasic
leakage mechanism in which we observe two clear time regimes of leakage be-
havior induced by soluble pre-amyloidogenic oligomers. Our results give us
further insight into the mechanism by which IAPP is capable of inducing mem-
brane leakage.
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The mechanisms by which membranolytic peptides may exert their action are
highly complex and specific. They may involve peptide self-association,
membrane-induced refolding, or targeting of specific lipid domains or com-
ponents. Insights into these behaviours are critical for the de novo design of
peptide-based antimicrobial agents. To better understand these mechanisms,
we have applied coupled attenuated total reflection Fourier-transform infra-
red spectroscopy (ATR-FTIR)-atomic force microscopy (AFM) to directly
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membranolytic peptides with supported planar lipid bilayers. Our studies pro-
vided direct evidence of membrane rearrangement and peptide aggregation
by a de novo cationic antimicrobial peptide designed to adopt a helical motif
in bacterial membranes. We also obtained in situ evidence of specific sec-
ondary structure motifs associated with a membrane-induced fibrillization
of peptides derived from haemolytic proteins obtained from sea anemone.
This coupled approach provides a unique opportunity to directly link spectro-
scopic details associated with peptide-membrane interactions with in situ
structural insights obtained on nanometer length scales.
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Membrane active peptides are a class of amphipathic peptides that destablize or
penetrate cell membranes via a mechanism that is not well understood. Here,
peptides identified from a combinatorial library using high throughput screens
were deposited over a supported lipid bilayer platform constructed on single
crystal silicon and their activity was characterized by electrochemical imped-
ance spectroscopy (EIS). By monitoring the bilayer’s impedance with time,
we determined the kinetics of the interaction as a function of peptide sequence,
concentration, and lipid composition. These measurements yield new insights
into the activity of membrane active peptides.
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The antimicrobial peptide MSI-103 forms an amphipathic a-helix when bind-
ing to a lipid membrane. The orientation of the helix in the membrane can be
determined with high accuracy using 2H solid-state NMR. In the present study
the orientation of MSI-103 was determined in a wide range of lipid systems
with varying properties.
In phosphatidylcholine (PC) bilayers with different acyl chains, there was no
correlation between chain length and peptide orientation. However, a distinct
difference was observed in the peptide response to saturated and unsaturated
acyl chains. In unsaturated lipids, the peptide always remained in the
surface-bound S-state, with its a-helical axis perpendicular to the bilayer nor-
mal at a tilt angle close to 90o. Only in saturated lipids it was able to insert into
the membrane in a tilted T-state, with a tilt angle of around 125o. Interestingly,
when lyso-PC was added, the T-state was found to be stable also in unsaturated
lipids.
These results can be explained by the shape of the lipids; especially the rel-
ative cross-sectional area of head groups and acyl chains, which is related to
the spontaneous curvature. In systems with negative spontaneous curvature,
the head group area is small relative to the acyl chain area, and in such sys-
tems, peptides are always found in the S-state. In systems with positive
spontaneous curvature, peptides are found in a T-state at higher
concentration.
Interestingly, we found that the presence of cholesterol prevents MSI-103 from
binding to the membrane in any ordered state, but rather induces the formation
of immobilized peptide aggregates. This observation can essentially explain the
selective membrane-permeabilizing action of MSI-103 on bacteria compared to
eukaryotic cells which contain cholesterol.
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Peptides are frequently used as models for membrane proteins due to their
accessibility and low molecular weight, both of which facilitate the interpre-
tation of complex spectroscopic data. Membrane proteins are recycled in
vivo with half-lives ranging from minutes to days. It is therefore of interest
to examine the behaviour of peptides in model membranes over extended pe-
riods in order to determine whether these systems reach equilibrium and re-
main stable. This timescale is seldom examined in studies using model
peptides. We have examined kinetics of defensin HNP-2 binding to alignedmembranes by both fluorescence spectroscopy and linear dichroism spectros-
copy. Changes in membrane alignment were found to occur over a period of
hours to days. The reactivity of peptides towards membranes has been exam-
ined using melittin. Acyl transfer from phospholipids to the peptide was
found to occur over a period of several days. Some of these observations
challenge preconceptions concerning the behaviour of peptides at the mem-
brane interface.
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Virtually all studies on the interaction of antimicrobial peptides with model
bilayers have focused on phospholipid headgroup composition, using unsat-
urated phospholipids to model bacterial cell membranes. The use of unsatu-
rated lipid ensures fluid-phase membranes at room temperature, but
unsaturated lipids are rarely found in cell membranes of gram-(þ) bacteria.
In Staphylococcus aureus, for instance, the major membrane lipids are satu-
rated iso- and anteiso-branched phospholipids with phase transition tempera-
tures well below room temperature. We found previously that increasing the
degree of lipid acyl chain unsaturation markedly reduces the susceptibility of
vesicles to delta-lysin, a potent, membrane-active peptide. We thus postu-
lated that the acyl chain structure of bacterial lipids would play a role in
the sensitivity of bacteria to antimicrobial peptides. The idea is corroborated
by the observation that in methicillin-resistant S. aureus (MRSA), the frac-
tion of anteiso-branched acyl chains is elevated relative to susceptible strains,
pointing to a relation between fatty acid structure and bacterial resistance. In
the work presented here, we tested this hypothesis by synthesizing asymmet-
ric, saturated phospholipids containing an iso- or anteiso-branched fatty acid
in the sn-2 position. We then examined the effect of the acyl-chain structure
on peptide activity by constructing lipid vesicles and measuring the kinetics
of dye release induced by delta-lysin. The results were compared with those
obtained from lipid vesicles composed of natural staphylococcal phospho-
lipid extracts enriched in either iso- or anteiso-branched phospholipids.
Acyl chain structure was shown to indeed have a dramatic effect on mem-
brane stability and the susceptibility to membrane-active peptides. In general,
vesicles constructed from bacterial lipid extracts were considerably more sta-
ble and more resistant to peptide attack than those made from synthetic,
branched lipids.
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We have engineered algorithms to characterize heterogeneous distributions
of chemical shift tensor parameters from magic angle spinning sideband in-
tensities, as well as distances from rotational-echo double-resonance
(REDOR) data. In the case of REDOR data, the method can reveal multiple
distances with relatively few data points, which is of particular benefit in
application to biological systems. This reverses the common practice of com-
paring REDOR data to dephasing curves simulated for several preconceived
structural models, by providing the information necessary to construct
models based on unbiased data analysis. In the case of chemical shift tensor
analysis, it allows arbitrarily complex phospholipid mixtures to be analyzed
for subtle perturbations, for example by association with antimicrobial
peptides.
The method uses an adaptation of Boltzmann statistics maximum entropy, and
provides for a model-free approach to data analysis, as one need not assume
the presence of any specific number of different chemical shift tensors or dis-
tances that contribute to observed signal. The strategy differs from the more
common practice of including a single weighted term in a fitting procedure,
as each datum constitutes additional "information" and independently adds
to or subtracts from the entropy of the distribution. A constrained optimisation
problem with 100s of unknowns (the number of points used to approximate
a continuous probability distribution of the desired parameter(s)) is thereby
turned into an unconstrained optimisation problem with one coefficient for
each data point.
The Boltzmann Statistics method also offers intriguing philosophical implica-
tions – it gives the broadest, and perhaps most "honest" probability distribution
consistent with the data, but also helps to determine which data points hold the
greatest information content, such that experimental time can be focussed on
gaining the best signal-to-noise where it is likely to benefit most.
